Accumulating evidence demonstrates that acetylcholine can directly modulate immune function in peripheral tissues including the spleen and gastrointestinal tract. However, the anatomical relationships between the peripheral cholinergic system and immune cells located in these lymphoid tissues remain unclear due to inherent technical difficulties with currently available neuroanatomical methods. In this study, mice with specific expression of the tdTomato fluorescent protein in choline acetyltransferase (ChAT)-expressing cells were used to label preganglionic and postganglionic cholinergic neurons and their projections to lymphoid tissues. Notably, our anatomical observations revealed an abundant innervation in the intestinal lamina propria of the entire gastrointestinal tract principally originating from cholinergic enteric neurons. The aforementioned innervation frequently approached macrophages, plasma cells, and lymphocytes located in the lamina propria and, to a lesser extent, lymphocytes in the interfollicular areas of Peyer's patches. In addition to the above innervation, we observed labeled epithelial cells in the gallbladder and lower intestines, as well as Microfold cells and T-cells within Peyer's patches. In contrast, we found only a sparse innervation in the spleen consisting of neuronal fibers of spinal origin present around arterioles and in lymphocyte-containing areas of the white pulp. Lastly, a small population of ChAT-expressing lymphocytes was identified in the spleen including both Tand B-cells. In summary, this study describes the variety of cholinergic neuronal and nonneuronal cells in a position to modulate gastrointestinal and splenic immunity in the mouse. J. Comp. Neurol. 521:3741-3767, 2013. 
cells, and lymphocytes located in the lamina propria and, to a lesser extent, lymphocytes in the interfollicular areas of Peyer's patches. In addition to the above innervation, we observed labeled epithelial cells in the gallbladder and lower intestines, as well as Microfold cells and T-cells within Peyer's patches. In contrast, we found only a sparse innervation in the spleen consisting of neuronal fibers of spinal origin present around arterioles and in lymphocyte-containing areas of the white pulp. Lastly, a small population of ChAT-expressing lymphocytes was identified in the spleen including both Tand B-cells. In summary, this study describes the variety of cholinergic neuronal and nonneuronal cells in a position to modulate gastrointestinal and splenic immunity in the mouse. J. Comp. Neurol. 521:3741-3767, 2013 . INDEXING TERMS: anterograde tracing; enteric; genetic; immunity; parasympathetic A rapidly growing area of research has identified a key role of peripheral acetylcholine in modulating immune function. For example, pharmacological administration of nicotinic receptor agonists reduces the severity of systemic endotoxemia (Pavlov et al., 2007) and various animal models of inflammation of the intestines and pancreas (Galitovskiy et al., 2011; Ghia et al., 2008; van Westerloo et al., 2005) . Likewise, electrical stimulation of the efferent vagus nerve, whose primary neurotransmitter is acetylcholine, mimics the antiinflammatory actions of nicotinic receptor agonists in the above experimental models of inflammation (Borovikova et al., 2000; Meregnani et al., 2011; Mina-Osorio et al., 2012; Wang et al., 2003) . In support of a direct immunomodulatory action of acetylcholine signaling in immune cells, lymphocytes and macrophages have been found to express nicotinic acetylcholine receptors (Fujii et al., 2008; Kikuchi et al., 2008; Wang et al., 2003) . Notably, nicotine directly and dose-dependently reduces proinflammatory cytokines release from peritoneal and splenic macrophages (de Jonge et al., 2005; Huston et al., 2006; Wang et al., 2003) . Details of the immunomodulatory role of peripheral acetylcholine are highlighted in several recent reviews (Andersson and Tracey, 2012; Ben-Horin and Chowers, 2008) .
The presence of acetylcholine in the gastrointestinal tract is readily explained by its rich innervation by the vagus nerve (Berthoud et al., 1991) . In addition, a large number of cholinergic enteric neurons are located in the different layers of the intestinal wall (Anlauf et al., 2003; Chiocchetti et al., 2003; Furness et al., 1985b; Mongardi Fantaguzzi et al., 2009; Rothman and Gershon, 1982; Tonini and Costa, 1990) . Moreover, neuronal fibers have been described in close proximity to immune cells residing in the gut-associated lymphoid tissue (Hisajima et al., 2005; Ma et al., 2007; Shibata et al., 2008) , and physiological evidence indicates that vagal and enteric neurons contribute to regulate gut immunity (Collins et al., 1992; Ghia et al., 2008; Margolis et al., 2011; Nurgali et al., 2011; Sharkey and Kroese, 2001 ). Nonetheless, little is known about the anatomical distribution of cholinergic neuronal fibers in relationship with the various populations of immune cells residing in the gut-associated lymphoid tissues, and the visualization of cholinergic structures in the intestines has remained technically challenging.
Unlike in the gastrointestinal tract, the presence of acetylcholine in the spleen has been difficult to demonstrate. Henry Dale biochemically isolated significant amount of acetylcholine from the bovine and equine spleen as early as 1929 (Dale and Dudley, 1929) . Subsequent studies have identified acetylcholine and cholinergic markers in the cat splenic nerve (Burn and Rand, 1960; Fillenz, 1970) . In contrast, others have discounted the presence of significant cholinergic innervation to the rodent spleen (Bellinger et al., 1993; Reilly et al., 1979; Schafer et al., 1998) . Several studies have also established that epithelial cells and certain immune cells including splenic lymphocytes are fully capable of synthesizing and releasing acetylcholine (Fujii et al., 2008; Rinner et al., 1998; Rosas-Ballina et al., 2011; Wessler et al., 1998) , suggesting that acetylcholine may be secreted by nonneuronal cell types in various tissues. However, the presence of neuronal versus nonneuronal sources of acetylcholine-synthesizing structures in the gut-associated lymphoid tissue and spleen has not been thoroughly investigated in intact animals.
Thus, there are still numerous uncertainties regarding the neural pathways and cell types implicated in the immunomodulary actions of peripheral acetylcholine. This is in part due to the various technical limitations that make the visualization of cholinergic structures by histochemical means challenging. Cholinergic markers have been widely used to label cholinergic cells, axons, and terminals in peripheral tissues (Anlauf et al., 2003; Arvidsson et al., 1997; Bellier and Kimura, 2011; Schafer et al., 1998; Weihe et al., 1996; Yuan et al., 2005) , but their lack of sensitivity has repeatedly been noted. Among other examples, the detection of cholinergic markers in the intestinal mucosa is variable in the rat (Ratcliffe et al., 1998; Schafer et al., 1998) and indicate only modest innervation in the mouse (Mongardi Fantaguzzi et al., 2009) , despite the known cholinergic innervation to this tissue. In the spleen, the detection of cholinergic markers has been described as highly nonspecific and highly variable by many investigators (Nance and Sanders, 2007; Stevens-Felten and Bellinger, 1997; Thayer and Sternberg, 2010) .
Due to the aforementioned technical difficulties, we hypothesized that the detailed organization of the cholinergic innervation to the gut-associated lymphoid tissue and spleen deserves reexamination. Towards this goal, we have undertaken a series of studies using a new neural tract tracing methodology. We sought to use the Cre-LoxP technology to specifically label all choline acetyltransferase (ChAT)-expressing cells by using mice with Cre-recombinase expression under control of the endogenous ChAT promoter (Rossi et al., 2011) . Specifically, we crossed the mice with a tdTomato reporter line, and ChAT-Cre-tdTomato mice were used to label the cholinergic innervation and nonneuronal acetylcholine-synthesizing cells encountered in the periphery without the need of tracer injection or immunohistochemical marker. This study provides insight and characterization of the precise anatomical localizations of ChAT-expressing structures and thus provides a basis for better mapping the potential immunomodulatory roles of acetylcholine in the gut and spleen.
MATERIALS AND METHODS Transgenic mice
ChAT-IRES-Cre transgenic mice expressing Cre recombinase under the control of the ChAT promoter have been generated and characterized (Rossi et al., 2011) . ChAT-IRES-Cre mice on a C57Bl/6 genetic background were maintained in our laboratory and genotyped by using the following primers: 5 0 -gtttgcagaagcggtggg-3 0 (M336), 5 0 -agatagataatgagaggctc-3 0 (M337), and 5 0 -ccttctatcgccttcttgacg-3 0 (M338). The products of the wild-type and Cre alleles were 272 bp and 350 bp, respectively. Importantly, adult Cre recombinase expression reported by green fluorescent protein (GFP) showed that these mice indeed expressed Cre recombinase eutopically within central nervous system (CNS) cholinergic sites and preganglionic autonomic neurons (Rossi et al., 2011) . ChAT-IRES-Cre mice were crossed with tdTomato reporter mice from the Jackson Laboratory (stock# 007905; Bar Harbor, ME), which possess a loxPflanked Stop cassette preventing the expression of CAGdriven tdTomato expression. Mice homozygous for the tdTomato gene were obtained on a B6-129S6 mixed background and genotyped according to the Jackson Laboratory's instructions. We have previously used tdTomato reporter mice to efficiently trace peripheral sensory neurons in a Cre-dependent manner (Gautron et al., 2011) . All the mice used in our study were young adult males carrying one ChAT-IRES-Cre allele and one loxPStop-loxP-tdTomato allele (ChAT-Cre-tdTomato mice). Two ChAT-IRES-Cre animals were also used as controls in our flow cytometry experiments. Animals were housed in a light-controlled (12 hours on/12 hours off; lights on at 7 A.M.) and temperature-controlled environment (21.5-22.5 C). The animals and procedures used were approved by University of Texas Southwestern Medical Center at Dallas Institutional Animal Care and Use Committees.
Histology
On the day of sacrifice, between 9 and 11A.M., mice were deeply anesthetized with chloral hydrate (500 mg/kg, i.p.) and transcardially perfused with 10% formalin. Tissues of interest were collected by using a dissecting scope. TdTomato protein native fluorescence was directly visualized in whole mounts or in cryostatcut sections (16 lm) collected on SuperFrost slides after an overnight incubation in 20% sucrose. Our samples were labeled by using the primary antibodies listed in Table 1 . Sections were incubated overnight in the primary antiserum of interest in 3% normal donkey serum with 0.25% Triton X-100 in phosphate-buffered saline (PBT, pH 7.4) ( Table 1) . After several washes, sections were incubated in anti-rabbit Alexa Fluor 488-(Invitrogen, Carlsbad, CA, cat. A21206; 1:1,000) or anti-rat Alexa Fluor 488-(Invitrogen, cat. A11006; 1:1,000) or biotinylated anti-goat (Jackson ImmunoResearch, West Grove, PA, cat. 705-065-147; 1:1,000) secondary antibody for 1 hour at room temperature. Following the biotinylated secondary antibodies, tissue was incubated with streptavidin Alexa Fluor 488 (Invitrogen, cat. S11223; 1:1,000).
All our samples were coverslipped with Vectashield mounting medium with 4,6-diamidino-2-phenylindole (DAPI; Vector, Burlingame, CA, H-1500). For immunoperoxidase staining, brain sections were pretreated with 1% hydrogen peroxide in PBS for 10 minutes at room temperature. Sections were incubated overnight in the anti-DsRed primary antiserum in PBT (1:2,000) followed by biotinylated donkey anti-rabbit (Jackson ImmunoResearch, cat. #711065152; lot #81161), and then incubated in a solution of ABC (Vectastain Elite ABC Kit; Vector; 1:1,000) dissolved in PBS for 1 hour. After washing in PBS, the sections were incubated in a solution of 0.04% diaminobenzidine tetrahydrochloride (DAB, Sigma, St. Louis, MO) and 0.01% hydrogen peroxide (Sigma). DAB-labeled sections were mounted on gelatincoated slides, air-dried, dehydrated in graded ethanols, cleared in xylenes, and coverslipped with Permaslip (Alban Scientific, St. Louis, MO). A total of six and three ChAT-Cre-tdTomato mice were used for our mapping and double-labeling experiments, respectively.
Antibody characterization
The antisera used in immunohistochemistry in this study are all commercially available and their sources and dilutions are indicated in Table 1. 1. The rat monoclonal anti-mouse CD3 purified (also known as CD3 epsilon) reacts with the mouse CD3 complex. CD3 is expressed by all mature T-cells. This antibody has been tested by manufacturer by flow cytometric analysis of mouse thymocyte and splenocyte suspensions (manufacturer's datasheet). The production of the 17A2 clone has been described in the past (Miescher et al., 1989) , and antibodies derived from this clone have been widely used for staining T-cells in many studies (Chaimowitz et al., 2011; Talay et al., 2012) . This particular antibody was used for flow cytometric analysis and immunolabeling of T-cells in the mouse skin (Zhang et al., 2002) . In accordance with previous works (Lloyd et al., 2008; Ma et al., 2007; Ward et al., 2006) , this antibody labeled the cell surface of small round cells packed in the lamina propria, Peyer's patches, and spleen periarteriolar areas. Finally, western blot analysis using nonreducing conditions showed the presence of a band of approximately 25 kDa in murine T-cell lysates (Schuchert et al., 2000) . 2. Goat antiserum against ChAT. Briefly, the antiserum recognizes a single band of 68-70 kDa on western blots of rat peripheral nerves (Brunelli et al., 2005) and mouse brain lysates (manufacturer's datasheet). The staining pattern obtained in this study was identical to that reported previously to stain enteric neurons (Gautron et al., 2010; Miampamba et al., 2002; Schicho et al., 2001 ) and perfectly coincided with the native red fluorescence of tdTomato. 3. The rat anti-human/mouse CD45R/B220 antibody reacts with the exon A-restricted isoform of mouse CD45R, a 220-kDa surface molecule. The CD45R epitope is mainly expressed by the B-cell lineage. This antibody was previously used for flow sorting of B-cells in many publications (manufacturer's datasheet). It also detects a single band of 220 kDa in murine splenocyte and thymocyte lysates (Oka et al., 2000) . The staining pattern obtained with this antibody in the murine spleen (Rahman et al., 2010; Schuhmann et al., 2005 ) is in conformity with that obtained with other monoclonal antibodies produced from the same clone (Chaimowitz et al., 2011; Rehg et al., 2012; Talay et al., 2012) or different clones (Ward et al., 2006) . In our samples, CD45R-labeled cells in the mouse spleen showed the expected shape and distribution. 4. The monoclonal rat anti-mouse F4/80 antibody recognizes the murine F4/80 antigen, a 160-kDa cell surface glycoprotein that is a marker of a wide range of mature tissue macrophages. This antibody was widely used in the past for flow sorting, imunohistochemistry, and western blot in the mouse (see manufacturer's datasheet). This antibody detects one large band of approximately 160 kDa in samples of peritoneal macrophages, lymphoid tissues, and skin (Hemmi et al., 2009; Moore et al., 2000; Seitz et al., 2010) . Among many examples, macrophages located in the gut lamina propria, Peyer's patches, liver, and spleen are stained by this antibody (deSchoolmeester et al., 2009; Donaldson et al., 2012; Lloyd et al., 2008) . The shape and localization of the cells stained in our samples are consistent with that described in the above publications. Of note, this antibody is also listed in the Journal of Comparative Neurology database for its application in neural tissues (Santos et al., 2010) . 5. The goat anti-mouse IgA (a-chain specific) reacts with the heavy chain of mouse IgA as demonstrated by enzyme-linked immunosorbent assay (ELISA) and flow cytometry (manufacturer's datasheet). This antibody was commonly used for various applications including detecting IgA levels in the supernatant of murine IgA-secreting cells (Mora et al., 2006) , as well as flow sorting and labeling of plasma cells (Obata et al., 2010; Shibata et al., 2008; Wang et al., 2004) . As attested by the above publications, the staining pattern obtained in murine intestines with this antibody replicated well that obtained with other antisera (Fritz et al., 2012 Zhu et al. (2011) tested mouse osteoblast cell lysates and reported seeing a band at 38-40 kDa under nonreducing conditions. The staining pattern of podoplanin-positive lymph vessels in the murine intestines is well known (Backhed et al., 2007; Kajiya et al., 2005) . 7. The rabbit polyclonal antiserum against tyrosine hydroxylase (TH) was previously described in several publications in the Journal of Comparative Neurology to label TH-containing neurons in the rodent central and peripheral nervous systems (Gautron et al., 2010; Kaufling et al., 2009 ). The antiserum produced intense staining of sympathetic fibers directly comparable to that obtained by Anderson and colleagues (2007) or by others using different antibodies (Phillips and Powley, 2007) . The antiserum detects a single band at 62 kDa in PC12 lysates (manufacturer's datasheet). 8. The rabbit polyclonal antiserum recognized DsRed.
TdTomato is a red fluorescent dimer derived from a monomeric mutant of DsRed. This antiserum detects a single 29.5-kDa band in HEK-293 cells transfected with a pDsRed-Monomer-N1 vector (ClonTech's, Palo Alto, CA, datasheet). In HEK-293 cells transfected with a vector expressing tdTomato, the antibody detects one single band of 58 kDa. By using this antibody, we detected a single band of about 58 kDa in the mouse intestines of ChAT-Cre-tdTomato mice (see Fig. 5 ). Moreover, the staining obtained with the DsRed antibody perfectly colocalized with the native red fluorescence of tdTomato, hence demonstrating specificity.
Western blot
By using a standard protocol (Gallagher, 2008) , proteins were extracted by homogenizing duodenum samples in lysis buffer, resolved by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to a nitrocellulose membrane by electroblotting (30 V overnight at 4 C). TdTomato was detected by using rabbit polyclonal anti-DsRed antibody (1:1,000) incubated overnight at 4 C (Table 1) , followed by anti-rabbit Alexa Fluor 488 described earlier. bActin, used as loading control, was detected with a mouse monoclonal antiserum (1:5,000; Sigma, cat. A5316), followed by anti-mouse secondary antibodies goat anti-mouse IRDye 680 (Odyssey 92632220, LI-COR, Lincoln, NE; 1:10,000). A total of three ChAT-CretdTomato samples were used for western blot.
Flow cytometry
Spleens were removed from three ChAT-CretdTomato and ChAT-IRES-Cre (controls for fluorescence) mice at sacrifice and sliced lengthwise so as to utilize half. After a brief rinse in ice-cold PBS, spleens were minced and incubated at 37 C with Liberase enzyme (Roche, Indianapolis, IN) 1:10 in 0.5% bovine serum albumin (BSA). EDTA was added after 20 minutes to quench the digestion, and the spleens were muddled and passed through 40-lm cell strainers (Fisher Scientific, Fair Lawn, NJ) with rinsing. Red blood cells were removed by lysis with ammonium chloride lysis buffer. Approximately 2 million splenocytes were aliquoted for each cytometry sample and maintained in cold 0.5% BSA. Antibodies against B220 (Table 1) and CD11b (fluorescein isothiocyanate [FITC]-conjugated, rat antimouse monoclonal, 1:100, eBioscience cat.11-0112, clone M1/70) were used to identify B-cells and macrophages, respectively. An FITC-conjugated rat anti-mouse CD19 (1:500, eBioscience, San Diego, Ca, cat.11-0191, clone MB19-1) was also used to confirm B-cell populations, and a CD3 antibody (Table 1) for T-cells. The antibodies were previously widely used in the past for flow cytometry analysis of splenic immune cells (manufacturer's datasheet). DAPI was applied to the cells before flow cytometry analysis to exclude dead or dying cell populations.
Cell population identifications were performed on a Dako (Carpinteria, CA) CyAnalyzer flow cytometer (flow cytometry core at UTSouthwestern) with fluorescence compensation applied to all channels equivalently for all samples. Populations were analyzed by using FlowJo software (Tree Star, Ashland OR) for living single cells, divided into B2201/CD191 and CD3e1/CD192 populations that were then assessed for the percentage of tdTomato-positive cells. Finally, we used quantitative polymerase chain reaction (qPCR) to demonstrate the enrichment of ChAT mRNA in splenic flow-sorted tdTomato-positive versus tdTomato-negative cells. ChAT was never detected in samples containing negative cells but was present at low levels (Ct 35) in three samples containing about 6,000 Tomato-positive cells (not shown). Hence, we are confident that ChAT was truly expressed, albeit at a low level, in tdTomato-positive lymphocytes.
Benzalkonium chloride denervation
The focal denervation of the intestines was conducted following previous protocols (Hanani et al., 2003; Parr and Sharkey, 1997) . Briefly, mice were anesthetized with ketamine HCl/xylazine HCl (80:12 mg/kg, i.p.), their abdomens were opened longitudinally under aseptic conditions, and the duodenum was exposed. A piece of gauze (1 cm long) soaked in benzalkonium chloride (BAC; Sigma-Aldrich, St. Louis, MO, cat. 234427, lot. 141801; 0.1% in 0.9% sterile saline) was gently applied onto the serosal surface of the intestines about 2 cm below the pylorus for 15 minutes. Then, the BAC-treated segment was carefully rinsed with saline, and the peritoneal cavity was closed with sutures. Animals were allowed to survive for 12 days after surgery, and the treatment was without any apparent ill effects on the animals. During sacrifice, BACtreated segments were grossly identifiable by marked swelling. Three ChAT-Cre-tdTomato mice were BACtreated.
Microscopy and image analysis
Images were captured by using a Zeiss microscope (Imager ZI) equipped with a scanning stage and attached to the ApoTome system and a digital camera (Axiocam MRm). Briefly, the Apotome module (structured illumination) was applied to produce confocal-like images, and the MosaiX module allowed us to automatically scan large specimens in the X-, Y-and Z-axes. In some instances, the 4D module of Axiovision 4.5 was also used to reconstruct neuroimmune proximity in three dimensions. Axiovision 4.5 was also used to stitch digital images together. The magnification, number of optical sections, and Z-step are systematically indicated in legends. When appropriate, the number of tiles (MosaiX module) and type of preparation (whole mount vs. cryosection) are also indicated. DAB staining was viewed by using a Zeiss microscope (Axioskop2).
The relative abundance of fluorescently labeled neuronal fibers and nonneuronal cells in selected tissues was evaluated by considering the number of tdTomato-containing fibers or cell bodies by using the following density scale: 111, high density; 11, moderate density; 1, low density; 2, absence of fluorescence. This survey was manually performed on 16-lm sections (magnification ranging from 53 to 633) in three mice.
The image editing software Adobe Photoshop CS2 was used to combine drawings and digital images into plates and make annotations. The contrast and brightness of images were adjusted when necessary. In addition, red-green fluorescence images were converted to magenta-green for color blind readers. In some instances, DAPI-counterstained nuclei and tdTomato fluorescent images were converted to white to achieve a better contrast.
RESULTS
Validation of ChAT-Cre-tdTomato mice as a reliable model for labeling cholinergic structures Major classes of cholinergic autonomic neurons and projection patterns
ChAT-Cre-tdTomato mice displayed intense fluorescence in the cell bodies of autonomic cholinergic neurons (Fig. 1) . This included parasympathetic preganglionic neurons in the dorsal nucleus of the vagus nerve (Fig.  1A) . Parasympathetic postganglionic neurons with a cholinergic phenotype were also labeled including many enteric neurons in the gastrointestinal myenteric plexus (Fig. 1B) , as well as pancreatic and gallbladder postganglionic neurons among other examples (Fig. 1C,D) . Notably, fluorescence was not seen in peripheral ganglia known not to contain cholinergic neurons such as the dorsal root ganglion (Fig. 1E ). We were also able to identify cholinergic neurons in the spinal cord such as motoneurons of the somatic nervous system and sympathetic preganglionic neurons in the intermediolateral column (Fig. 1F) . In contrast, sparse fluorescently labeled neurons were found in autonomic ganglia containing sympathetic postganglionic neurons such as the superior cervical ganglion (Fig. 1G) . Only a small subset of sympathetic postganglionic neurons are cholinergic (Elfvin et al., 1993; Schafer et al., 1997) .
Notably, the tdTomato fluorescent protein was efficiently transported from the cell bodies of the aforementioned neurons to their axons and terminal endings in the periphery. As a result, abundant cholinergic innervation could be visualized throughout thoracic and abdominal viscera including the gastrointestinal tract, many endocrine and metabolic tissues, and blood vessels (Figs. 2,3, Table 2 ). We surveyed a few selected organs in order to assess and verify that the overall innervation patterns seen in the Chat-Cre-tdTomato mice is in accord with the literature on the anatomy of the autonomic and enteric nervous systems (Berthoud et al., 1990; Elfvin et al., 1993; Furness, 2006; Gershon, 1981; Gibbins and Morris, 2000; Powley, 2000) . Among other examples, the airways and pancreas received abundant nerve supply ( Fig. 2A,B) . In addition, sympathetic preganglionic neurons innervated the paravertebral chain and prevertebral ganglia. For instance, a rich supply of fluorescent fibers was seen in the inferior mesenteric ganglionic complex (Fig. 2C) . Sympathetic preganglionic neurons do not directly innervate internal organs with the well-known exception of the adrenal gland.
We found that the adrenal medulla contained a rich network of varicose fibers (Fig. 2D) . Moreover, large blood vessels throughout the body (more often arteries than veins) contained innervation (Fig. 2E, Table 2 ). Thick zigzagging axons were seen wandering in the advential layers of the aorta, portal vein, skin arteries, and various mesenteric blood vessels (Fig. 2E ). The well-described innervation to the sweat gland (not shown) and neuromuscular junctions was also identified (Fig. 2F) . Lastly, tissues not innervated by cholinergic neurons were devoid of fluorescence including the adipose tissue (white and brown) and the testis (Table 2) .
Colocalization with ChAT and TH
ChAT-Cre-tdTomato mice contained fluorescently labeled enteric cholinergic neurons located in the myenteric and submucosal plexuses of the entire gastrointestinal tract. 
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The Journal of Comparative Neurology | Research in Systems Neuroscience projections to the adjacent smooth muscle layers and (Fig. 3A,B) . The patterning of labeling in the ChAT-CretdTomato mice suggested that Cre-recombinase activity (as reflected by fluorescence) was restricted to neurons with a cholinergic phenotype. Double-staining experiments further established that the observed fluorescence was restricted to enteric ChAT-expressing neurons (Fig. 4) . Although TH-immunoreactive fibers often traveled along with tdTomato-containing fibers in the stomach wall (Fig. 4A-D) , tdTomato fluorescence never colocalized with TH immunoreactivity. In contrast, ChAT immunoreactivity was found in both preganglionic terminal endings and cell bodies of myenteric tdTomato-containing neurons (Fig. 4E-G) . Notably, ChAT immunolabeling resulted in a punctuated staining and, overall, revealed less anatomical details than the native tdTomato fluorescence (Fig. 4E-J) . Hence, our data suggest that cholinergic enteric neurons can be specifically labeled in an effective and reliable manner by using a genetic tracer approach.
TdTomato immunostaining
In order to improve the detection of tdTomatocontaining structures, an antibody against DsRed was characterized by western blot analysis and immunohistochemistry (Fig. 5) . Immunoblot of samples from the small intestines of ChAT-Cre-tdTomato revealed a single band of about 58 kDa corresponding to tdTomato (Fig.  5A ). In addition, the same antibody stained tdTomatocontaining structures in the following a pattern exactly identical to the native fluorescence of the tdTomato (Fig. 5B,C) , thus showing that the anti-DsRed antibody is specific and suitable for the labeling of tdTomato. In most instances, immunolabeling was not necessary to detect tdTomato. It was only used to slightly enhance the stability and brightness of the fluorescent signal at higher magnification (403 and 633). Immunohistochemistry was also performed on adjacent series of sections by using a peroxidase technique and resulted in the permanent labeling of tdTomato-containing fibers in the intestines (Fig. 5D ).
Gut-associated lymphoid tissue Lamina propria
The intestinal mucosa was richly innervated (Fig. 6A , Table 2 ). This innervation was comprised of individual fibers running in the submucosa and lamina propria along the axis of each individual villus (Fig. 6A,B) . Smaller branches wandered near the epithelial basal laminae (Fig. 6A,B) and often became more varicose within the tip of villi (Fig. 6A,B) . We delineated the lamina propria by using a marker for lymphatic vessels (Fig. 6C) . Cholinergic fibers were running along these vessels and formed an intermingled network of lymphatic capillaries and neuronal fibers. Although the intestinal lamina propria itself did not contain ChATexpressing cells, isolated epithelial intestinal cells were sometimes fluorescent, more frequently in the distal than the proximal intestine (Fig. 6D ). These cells resembled absorptive enterocytes and Brush cells (Gerbe et al., 2012) , although further studies are warranted to confirm their phenotype. Notably, mucosal fibers were almost entirely eliminated following a focal chemical ablation of the enteric nervous system (Fig.  7) . As described in previous works (Hanani et al., 2003; Parr and Sharkey, 1997) , the application of BAC at the surface of a portion of the duodenum wall resulted in its swelling due to the disappearance of the extrinsic innervation and myenteric neurons at the site of application ( Fig. 7A-E) , although most submucosal neurons were spared by the treatment (Fig. 7C) . The above observations combined with the predicted enteric origin (principally myenteric) of the observed mucosal innervation.
The intestinal lamina propria contains a variety of immune cells including macrophages, plasma cells, and T-cells, which all play critical roles in gut immunity (Cheroutre and Madakamutil, 2004; Hooper and Macpherson, 2010; Macdonald and Monteleone, 2005) . The labeling of these populations of immune cells revealed the close proximity of gut immune cells and nearby neuronal fibers (Fig. 8A-D) . Often, although no specialized neuronal endings were readily discernible onto immune cells, varicose fibers approached individual immune cells closely in proximity of less than 1 lm (Fig. 8C,E,F) . We noticed that all three types of immune 
Peyer's patches
Peyer's patches are part of the gut-associated lymphoid tissue and play a pivotal role in antigen-presenting functions (Lelouard et al., 2012) . However, the innervation of Peyer's patches is not well described. We found patterns of innervation suggesting that Peyer's patches contain a unique combination of neuronal and nonneuronal cholinergic elements (Fig. 9, Table 2 ). Innervation was absent from follicle and dome areas, but was consistently seen within the interfollicular area where high-endothelial vessels and many lymphocytes are contained (Fig. 9A,D) . Additionally, follicles and interfollicular areas contained a few fluorescent cells resembling lymphocytes and often positive for CD3, a marker for Tcells (Fig. 9C,E,F ). Very few B-cells, identified by B220-immunofluorescence or CD19 flow cytometry, were tdTomato positive (not shown). Lastly, fluorescent M cells (Microfold cells) could be seen, easily recognized by their basolateral pocket-like shape and localization at the top of the dome (Fig. 9A,B) .
Gallbladder
Although the gallbladder is not typically considered part of the gut-associated tissue, we sought to investigate the gallbladder for the following reasons: 1) the biliary tract is anatomically connected to the gastrointestinal lumen; 2) the gallbladder receives both an extrinsic and intrinsic cholinergic supply (Mawe, 1998) ; and 3) the gallbladder epithelium participates in local immune functions (Maurer et al., 2009) . As anticipated, the gallbladder was innervated by preganglionic fibers terminating in small clusters of postganglionic neurons scattered in the smooth muscle (Figs. 1, 10A ). These neurons then innervated the gallbladder vasculature and adjacent smooth muscle layers (Fig. 10A ). In contrast, the gallbladder lamina propria was not innervated Figure 2 . Projection patterns of cholinergic neurons in selected target tissues. ChAT-expressing neurons were labeled in their entirety, thus allowing us to visualize their projections patterns in the periphery. A: For instance, fluorescence was seen in preganglionic parasympathetic fibers in the airways (203 5 optical plans, 1.2-lm step). Of note, intrinsic cholinergic neurons and scattered epithelial cells were also found in the airways (arrowheads). B: Abundant innervation of postganglionic origin was also seen in the pancreas (203, 6 optical plans, 1.3-lm step). C: Preganglionic sympathetic neurons innervated sympathetic ganglia such as the mesenteric ganglion (203, 5 optical sections, 0.92-lm step). Asterisks are positioned over the cell profiles of putative postganglionic target neurons. As previously noted in the superior cervical ganglion, a few postganglionic sympathetic neurons appear to be cholinergic (arrowhead). D: The adrenals contained a large fiber supply (203, 5 optical plans, 0.92-lm step). As a note, the fluorescence apparent in chromaffin cells corresponded to nonspecific autofluorescence (seen in every filter and in wild-type animals). E: Although many large blood vessels throughout the body contained innervation, that of the abdominal aorta was particularly rich. F: The projections of cholinergic somatomotor neurons was visible as reflected by the labeling of neuromuscular junctions in the forepaw. Arrows indicate fluorescently labeled neuronal fibers, and arrowheads point to representative cell bodies. Abbreviations: crc, chromaffin cells; m, medulla; NMJ, neuromuscular junction. Scale bar 5 50 lm in A; 20 lm in B (applies to B-D); 50 lm in E; 100 lm in F. Figure 3 . Distribution of tdTomato fluorescence in ileal enteric neurons. A: Bright fluorescence was seen in vagal preganglionic fibers projecting to the myenteric plexus as well as numerous, but not all, enteric neurons (whole mount, 103, 14 optical plans, 2.8-lm step, 4 tiles). Of note, projections from the enteric neurons were seen ramifying into the adjacent smooth muscle layers. B: Likewise, submucosal neurons and their projections and clearly labeled. Scale bar 5 100 lm in A (also applies to B). (Fig. 10B) . Interestingly, the gallbladder epithelium contained many interspersed fluorescent cells with a unique topography and morphology reminiscent of that of brush cells (Fig. 10B,C) . In accordance with the literature (Luciano and Reale, 1997) , these putative brush cells, preferentially concentrated in the lower half of Estimates are based on the survey of three different animals. Based on morphological criteria, double-labeling, and flow-sorting experiments, we further narrowed down the cellular identity of nonneuronal cells, as indicated in the right column. Of note, the abundance of neuronal somas (postganglionic neurons) in the periphery is not included in this survey. Estimates: 111, high density; 11, moderate density; 1, low density; 2, absence of fluorescence.
2
Close proximity (<1 lm or apparent contact) between cholinergic fibers (tdTomato fluorescent) and immune cells.
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Spleen
Overall, the spleen demonstrated only a modest innervation (Fig. 11, Table 2 ). A few individual neuronal fibers were routinely seen both around arterioles and not in association with the vasculature, wandering into lymphocyte-containing areas of the white pulp (Fig.   11A,B,E) . Even though the observed fluorescent fibers never contained TH immunoreactivity, they often traveled in close apposition to TH-positive fibers, especially around arterioles (Fig. 11B-D) . Of note, T-lymphocytes in the white pulp could be observed in close proximity to the latter fluorescent fibers (Fig. 11E) .
Fluorescently labeled immune cells were clearly visible in the spleen of ChAT-Cre-tdTomato mice (Figs. 11, 12) . They were cells resembling lymphocytes located principally in the white pulp, both in the periarterial Figure 4 . Immunolabeling of the gastric myenteric plexus with TH and ChAT. A-D: TH-positive fibers (green) were found (A) entering the gastric wall (whole mount, 203, 12 optical plans, 1-lm step), and (B-D) ramifying into the myenteric plexus (whole mount, 103, 10 optical plans, 11.8-lm step). Note that TdTomato-containing fibers and cell bodies never colocalized with TH immunoreactivity. E-G: ChAT immunoreactivity (green) was found in both vagal preganglionic terminals and many myenteric neurons (whole mount, 203, 9 optical plans, 1-lm step). ChAT was strictly contained in tdTomato-positive fibers and neurons. Nonetheless, the outline of cholinergic fibers and neuronal somas was better revealed by tdTomato fluorescence than ChAT immunoreactivity. Arrows indicate fluorescently labeled neuronal fibers, and arrowheads point to representative cell bodies. Scale bar 5 50 lm in A and B (applies to B-G).
lymphoid sheaths and adjacent B-cell areas (Figs. 11A, 12A-C). These immune cells were generally not in close apposition with either TH-or tdTomato-positive fibers (Fig. 11A,D) . The observed immune cells were not often positive for CD3 and never for F4/80 (Fig. 12A,B) by immunofluorescence, but frequently displayed a CD45R-positive cell surface outline (Fig. 12D-F) , suggesting a novel B-cell population. Flow cytometry analysis largely corroborated our histology and allowed us to identify tdTomato-positive leukocytes with markers against Band T-cells in unchallenged mice (Fig. 13) . Specifically, it confirmed that splenic tdTomato cells belonged to a Band T-cell lineage (Fig. 13A,B) , although B-cells were more abundant. There were no tdTomato-positive cells in the spleen of ChAT-Cre animals (not shown).
DISCUSSION
This study used ChAT-Cre-tdTomato mice to examine the anatomy of the peripheral cholinergic system and its relationship with immune cells located in the gut- associated lymphoid tissue and in the spleen. Specifically, our observations revealed that: 1) macrophages, plasma cells, and T cells in the intestinal mucosa were in close proximity to a dense network of cholinergic fibers of enteric origin; 2) cholinergic epithelial and Tcells populated the gut-associated lymphoid tissue and gallbladder; and 3) the spleen contained a novel population of cholinergic B-cells, fewer T-cells, and neuronal fibers of spinal origin that closely approached lymphocytes in the white pulp. These data extend our understanding of cholinergic neuroimmune relationships in the mouse and are discussed below in the light of the Figure 7 . The innervation to the intestinal mucosa belongs to enteric neurons. A: The topical application of benzalkonium chloride onto the duodenum wall results in the swelling of its smooth muscle layers. B,C: The segment exposed to the chemical is almost completely devoid of myenteric neurons and preganglionic endings but retained most of its submucosal plexus (whole mount, 103, 5 optical plans, 1.23-lm step). D,E: By comparison, enteric neurons in both layers are intact in the intestines immediately adjacent to the denervated segment. F,G: The innervation to the lamina propria of the intestines was largely eliminated in the segment of the intestines exposed to benzalkonium chloride. The remaining fibers could be tracked back to spared submucosal neurons (cryosection, 203, 5 optical plans, 1.96-lm step). Arrows indicate fluorescently labeled neuronal fibers, and arrowheads point to representative cell bodies. Abbreviations: BAC, benzalkonium chloride. Scale bar 5 50 lm in B (applies to B-G).and applies through G. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. 
Technical considerations
This study employed ChAT-IRES-Cre mice crossed with tdTomato reporter mice that possess a loxP-flanked Stop cassette preventing the expression of CAG-driven tdTomato expression. In ChAT-expressing neurons, however, the transcriptional termination sequence is excised allowing tdTomato production (Madisen et al., 2010; Muzumdar et al., 2007) . As a result, bright fluorescence was visible in the cell bodies and projections of enteric cholinergic neurons, thus revealing the full extent of ChAT-expressing neurons innervation sites without the Figure 10 . Cholinergic neuronal and epithelial structures in the gallbladder. A: Preganglionic vagal fibers along with postganglionic neurons were visualized in a whole mount of the gallbladder wall (whole mount, 103, 3 optical plans, 0.62-lm step, 6 tiles). B: In a cross section of the gallbladder, it becomes apparent that the gallbladder innervation was confined to the smooth muscle layers but did not penetrate the mucosa (403, 8 optical plans, 0.9-lm step). However, the thin lamina propria contained many immune cells such as macrophages stained for F4/80 (green). Often, brightly fluorescent cells lodged in the epithelium were observed. C: Reconstruction of the gallbladder mucosa (flat mount; basal side facing the observer) revealed the abundance of ChAT-expressing epithelial cells of the gallbladder (whole mount, 203, 6 optical plans, 0.81-lm step). Their shape was typical of that of brush cells, with an apical protrusion, a bulky cell body, and a thin basal branch. Arrows indicate fluorescently labeled neuronal fibers, and arrowheads point to representative cell bodies. Abbreviations: ep, epithelium; F4/80-IR, F4/80 antigen immunoreactivity; lp, lamina propria; sm, smooth muscle. Scale bar 5 400 lm in A; 10 lm in B; 100 lm in C. need of any tracer or immunohistochemical marker. Two prior studies have used ChAT-eGFP mice to label cholinergic cells (Rosas-Ballina et al., 2011; Tallini et al., 2006) , but these studies did not examine gut-associated lymphoid tissues in a comprehensive manner. The present mouse model offers the advantage of allowing the reporter protein (tdTomato) to be invariably expressed under its own promoter once ChAT-Cre is expressed and recombination has occurred at any time in the life of the particular cell. Consequently, once recombination has occurred in ChAT-Cre-expressing cells, the fluorescent protein will be expressed independently of ChAT. This is important because neuronal and nonneuronal ChAT mRNA levels may be regulated under various physiological circumstances (Castell et al., 2002; Gibbs, 1996; Kawashima and Fujii, 2004) . Our approach allows the reporter protein to be invariably expressed in ChAT cells regardless of ChAT expression levels. Furthermore, tdTomato is three times brighter than enhanced (e)GFP (Shaner et al., 2004) and is therefore better suited for anatomical studies of complex and fine neuronal projections as well as cholinergic cells with fluctuating ChAT expression.
Despite having many obvious advantages, our model could be criticized based on the possibility that ChAT may be expressed for a brief period during development (or in response to a particular physiological challenge) in cells that may later lose their cholinergic phenotype (Huber and Ernsberger, 2006) . If true, tdTomato protein would be invariably expressed following embryonic recombination, hence resulting in the lifelong labeling of neurons that are not truly cholinergic in adult animals. However, we were able to demonstrate that fluorescently labeled neurons were immunoreactive for ChAT in the gastrointestinal tract and that fluorescent fibers never contained TH immunoreactivity. Furthermore, observations made in this work were in very good agreement with the known organization of the autonomic/enteric nervous system. Our data do not preclude the synthesis of acetylcholine, but acetylcholine has been detected in the supernatant of mouse, human, and rat lymphocytes (Rinner et al., 1998) . Although tdTomato native fluorescence is quite bright, an antiserum against DsRed can be used to label tdTomato-containing structures. Overall, ChAT-CretdTomato mice are well suited for the anatomical study of peripheral cholinergic system.
Neuronal acetylcholine and intestinal immunity
In agreement with the literature (Anlauf et al., 2003; Chiocchetti et al., 2003; Furness et al., 1985a; Mongardi Fantaguzzi et al., 2009; Rothman and Gershon, 1982; Tonini and Costa, 1990) , we described an abundant cholinergic innervation to the intestinal lamina propria that originated from enteric neurons. Cholinergic fibers closely approached immune cells within the gut-associated lymphoid tissue. It has been previously reported that mucosal immune cells are in close proximity to enteric nerve fibers labeled with generic neuronal markers or neuropeptides in the mouse (Hisajima et al., 2005; Ma et al., 2007; Shibata et al., 2008) and pig (Schmidt et al., 2007) . However, only a few studies have shown that this anatomical proximity specifically occurs with cholinergic fibers in the pig intestines (Kulkarni-Narla et al., 1999; Schmidt et al., 2007) . Of course, immunocompetent cells and autonomic/enteric nerves are also found in close proximity in other parts of the gut; for example, a recent work showed that the rat muscularis contains macrophages in close association with autonomic and enteric nerves (Phillips and Powley, 2012) . Here, we demonstrated a very close proximity between identified cholinergic fibers and different types of gut immune cells including macrophages, plasma cells, and T-cells. Despite the short half-life of acetylcholine, it may therefore be possible that these varied immune cells are exposed to physiological amounts of acetylcholine released by enteric neurons.
There is biochemical evidence that gut immune cells express cholinergic receptors (Kikuchi et al., 2008) and many studies have shown that the manipulation of the 
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The Journal of Comparative Neurology | Research in Systems Neuroscience vagus nerve (e.g., by electric stimulation, transection) can significantly impact gut immunity (de Jonge et al., 2005; Ghia et al., 2008; Gottwald et al., 1997; Hons et al., 2009; Luyer et al., 2005) . Furthermore, cholinergic innervation to the intestinal mucosa may also regulate ion and nutrient transport across the epithelial barrier, as well as parietal cell secretion, blood flow, and epithelial cell proliferation, all of which could indirectly influence immune cell functions (Dhawan et al., 2012) . It must be noted that, based on the literature (Berthoud et al., 1991) , vagal efferents do not reach the intestinal lamina propria itself (or Peyer's patches), but synapse onto enteric neurons, which then innervate the lamina propria where they release acetylcholine. Thus, the role of enteric neurons in gut immunity is multifaceted. Enteric neurons respond to locally released inflammatory stimuli (Sharkey and Kroese, 2001) , and anatomical and physiological evidence clearly suggests that these neurons are the ultimate effectors in the regulation of gut immunity (independently of the vagus nerve, although under its influence) (Margolis et al., 2011) .
The presence of sparse cholinergic fibers in the Peyer's patches has been shown in large animals (i.e., sheep, pig) (Chiocchetti et al., 2008; Kulkarni-Narla et al., 1999; Vulchanova et al., 2007) , and one study has described the innervation of murine Peyer's patches by using generic neuronal markers . The distribution and density of fibers seen in these previous works is comparable to that observed in the present study. Briefly, our data demonstrated that, in sharp contrast with the neighboring lamina propria, Peyer's patches receive sparse innervation localized in interfollicular areas that contain lymphocytes and highendothelium blood vessels, thus raising the possibility that neuronally derived acetylcholine may influence lymphocytes trafficking from Peyer's patches.
Nonneuronal sources of acetylcholine in the gut
It is becoming increasingly recognized that acetylcholine can be released by epithelial and immune cells, in addition to nerve endings (Fujii et al., 2008; Rinner et al., 1998; Tayebati et al., 2002; Wessler et al., 1998) . Intestinal epithelial cells have been suggested to be a source of acetylcholine within the gut (Tallini et al., 2006; Wessler et al., 1998) . Although ChATexpressing cells were seen in the intestinal epithelium of ChAT-Cre-tdTomato and ChAT-eGFP mice (Tallini et al., 2006) , these cells were relatively rare and their physiological relevance is still unclear. In contrast, the gallbladder epithelium contained many fluorescent cells.
The morphology and distribution of these cells were clearly suggestive of brush cells (Luciano and Reale, 1997) . In fact, brush cells in the trachea have been previously described as being cholinergic (Krasteva et al., 2011) . Although the function of gallbladder brush cells is unknown, it is possible that acetylcholine released by these cells may very well play an important role in gallbladder and bile duct immunity.
Past studies have detected ChAT mRNA and protein in isolated murine, rat, and human T-cells (Kawashima and Fujii, 2004; Kawashima et al., 2007; Rinner et al., 1998; Salamone et al., 2011; Tayebati et al., 2002 ) and a recent work identified cholinergic T-cells in the mouse spleen and Peyer's patches (Rosas-Ballina et al., 2011) . Likewise, the current data showed the presence of ChAT-expressing T-cells in the spleen and Peyer's patches. The ultimate role of immune-derived acetylcholine appears to be the suppression of proinflammatory cytokines release from macrophages (Borovikova et al., 2000) . This may explain the potent antiinflammatory actions of cholinergic agonists in various inflammatory models. In addition, our data newly identified ChATexpressing M cells, which are known to be implicated in mucosal immunity in responses to pathogenassociated molecular patterns in the intestinal lumen (Lelouard et al., 2012) . Collectively, our anatomical observations underscore the abundance of the cholinergic neuroimmune associations and variety of cholinergic nonneuronal cells within gut-associated lymphoid tissue. This evidence suggests that the gut-associated lymphoid tissue may play an underestimated role in the immunodulatory actions of peripheral acetylcholine and vagus nerve stimulation. Because the gastrointestinal tract contains one of the largest masses of lymphoid tissue in the body (Brandtzaeg et al., 1989) , it is tempting to predict that acetylcholine-mediated changes in gut immunity may significantly influence systemic immunity as well.
Splenic acetylcholine
A few studies have reported a vagal efferent innervation to the rodent spleen by using retrograde tracers (Buijs et al., 2008; Cailotto et al., 2012) . However, these observations have been interpreted with caution because of the well-known technical difficulties associated with conventional tracing techniques and neurotropic viruses (Berthoud et al., 2006) . The current study found a small supply of cholinergic fibers in the spleen of ChAT-Cre-tdTomato mice. Spleen-projecting neurons are all contained in the celiac-suprarenal ganglia and paravertebral chain (Baron and Janig, 1988; Bratton et al., 2012; Cano et al., 2001; Nance and Burns, 1989) . Although postganglionic sympathetic neurons are mostly noradrenergic, cholinergic fibers have been found in sympathetic nerves (Euler and Gaddum, 1931) and small subset of sympathetic postganglionic neurons displays a cholinergic phenotype (Elfvin et al., 1993; Schafer et al., 1997) . Thus, we deduced that the cholinergic fibers found in the spleen came from cholinergic postganglionic sympathetic neurons located in the paraand/or prevertebral chains.
In the past, the noradrenergic innervation of the spleen has been well characterized and is known to induce arteriole and capsular contractions (Felten et al., 1985; Reilly, 1985) . The role of cholinergic neurotransmission is less clear; however, studies have shown that application of acetylcholine modifies splenic volume and blood flow in a sympathomimetic manner in isolated spleen (Felten et al., 1985; Reilly, 1985) . Recently, it was also shown that the migration and activation of B-cells in the spleen are regulated by the vagus nerve activity (Mina-Osorio et al., 2012) . In our study, fluorescent fibers that we found in the spleen traveled along and often remained associated with periarteriolar TH-positive fibers, thus supporting the model of cooperative action of cholinergic and noradrenergic endings in controlling the splenic vasculature. In view of the historical role of acetylcholine as a potent vasodilator, and the relatively abundant cholinergic innervation to blood vessels seen in the current study, acetylcholine (and perhaps vagus nerve stimulation) may modulate immunity via local or systemic hemo-and lymphodynamic changes. In the past, studies have shown that autonomic nerves influence splenic immunity via blood flow (Reilly, 1985; Rogausch et al., 2003) . In addition to modulating blood and lymph flow, it has been proposed that autonomic neurons endings in the spleen can directly modulate immune cell activity. This idea originally arose from morphological observations made by Felten and colleagues (Stevens-Felten and Bellinger, 1997) showing "synapse-like" contacts between noradrenergic terminals and immune cells in various lymphoid tissues (Crivellato et al., 1998; Felten et al., 1987; StevensFelten and Bellinger, 1997) . Our study suggests that cholinergic fibers and immune cells are in very close proximity in the spleen white pulp and intestinal mucosa. Nonetheless, given the paucity of the cholinergic innervation in the spleen, further studies are warranted to establish the physiological significance of sympathetic cholinergic nerve endings in the spleen. In addition, further electron microscopy studies are warranted to establish the existence of "synapse-like" contacts between these putative cholinergic nerve endings and immune cells in the spleen.
Our experiments established that acetylcholine in the mouse spleen may derive from B-and T-cells in addition to spinal neuronal endings. Two prior studies identified small numbers of cholinergic T-and B-cells in the mouse populating the spleen and gut-associated lymphoid tissues by using flow sorting (Reardon et al., 2013; RosasBallina et al., 2011) . As suggested by others (Rosas-Ballina et al., 2011) , the number of these lymphocytes may rapidly increase in immune-challenged animals due to the induction of ChAT expression and/or trafficking of cholinergic immune cells to the spleen where they may exert the potent antiinflammatory actions.
In summary, splenic immunity may be under the control of cholinergic lymphocytes and sympathetic endings with both a cholinergic and noradrenergic phenotype. However, it remains difficult to explain how this assembly of cholinergic structures is recruited by the electric stimulation of the efferent vagus nerve, primarily because vagal efferents do not project to the spleen and do not contact spleen-projecting sympathetic neurons (Bratton et al., 2012; Cano et al., 2001) . Further studies are still critically needed to elucidate the exact neural pathway subserving neuroimmune relationships in the spleen.
CONCLUSIONS
Since Dale and Loewi first identified acetylcholine as a vagal neurotransmitter almost 100 years ago, the number of functions attributed to peripheral acetylcholine has grown considerably. In particular, the immunomodulatory actions of the cholinergic nervous system involve a complex interplay between autonomic nerves and immune cells, which is just beginning to be understood. In support of this idea, the present study underscores the abundance and variety of cholinergic neuronal and nonneuronal structures in a position to modulate immunity in the mouse. Our observations may serve as an anatomical resource for further studies aimed at elucidating the well-described immunomodulatory actions of peripheral acetylcholine.
